Yeast xylose reductases are hypothesized as hybrid enzymes as their primary sequences contain elements of both the aldo^keto reductases (AKR) and short chain dehydrogenase/reductase (SDR) enzyme families. During catalysis by members of both enzyme families, an essential Lys residue H-bonds to a Tyr residue that donates proton to the aldehyde substrate. In the Saccharomyces cerevisiae xylose reductase, Tyr49 has been identified as the proton donor. However, the primary sequence of the enzyme contains two Lys residues, Lys53 and Lys78, corresponding to the conserved motifs for SDR and AKR enzyme families, respectively, that may H-bond to Tyr49. We used site-directed mutagenesis to substitute each of these Lys residues with Met. The activity of the K53M variant was slightly decreased as compared to the wild-type, while that of the K78M variant was negligible. The results suggest that Lys78 is the essential residue that Hbonds to Tyr49 during catalysis and indicate that the active site residues of yeast xylose reductases match those of the AKR, rather than SDR, enzymes. Intrinsic enzyme fluorescence spectroscopic analysis suggests that Lys78 may also contribute to the efficient binding of NADPH to the enzyme. ß
Introduction
Xylose reductase (EC 1.1.1.21) catalyzes the reversible NAD(P)H-dependent reduction of xylose to xylitol in the cytoplasm of pentose-fermenting or pentose-utilizing yeasts [2] . The activity of xylose reductase is essential for growth of yeasts on xylose [3] . Yeast xylose reductases are classi¢ed as members of the aldo^keto reductase (AKR) superfamily of enzymes that are widely distributed in other organisms [4] . Because of its central role in diabetes, human and other mammalian aldose reductases have been extensively studied in the last 30 years in terms of their structure^function relationships, catalytic mechanisms and response to inhibitors [5] . In contrast, very little is known about the structure^function relationship of yeast xylose reductases.
One intriguing anomaly involving yeast xylose reductases is the apparent inability of the Saccharomyces cerevisiae xylose reductase to carry out xylose reduction in vivo. As a result, this yeast is unable to utilize xylose as the sole carbon source for aerobic growth [6] , despite the existence of xylose transport, xylose reductase and subsequent enzymes needed for a full xylose metabolic pathway [7] . Expression of the Pichia stipitis xylose reductase gene in S. cerevisiae confers the ability to utilize xylose, although most of the xylose is converted to xylitol [81 0]. A monomic xylose reductase with strong NADPH preference was puri¢ed from S. cerevisiae and partially characterized by Kuhn et al. [6] . We have cloned the gene encoding this xylose reductase and expressed it in Escherichia coli [1] . Both the native [6] and recombinant [1] S. cerevisiae xylose reductase readily carried out xylose reduction in vitro.
Like other yeast xylose reductases, the S. cerevisiae xylose reductase is a hybrid enzyme as its primary sequence contains the catalytic and coenzyme-binding features of both AKR and short chain dehydrogenase/reductase (SDR) families of enzymes [1, 4] . Catalysis by the S. cerevisiae xylose reductase is believed to begin with protona-tion of the carbonyl group in the aldehyde substrate by Tyr49, followed by a stereospeci¢c hydride transfer from C4 of the nicotinamide ring in NADPH to the carbonyl group [4] . To lower the pK and facilitate proton transfer by Tyr49, a spatially proximal Lys H-bonds through its O-NH 2 group to the^OH group of Tyr49 (Fig. 1B) . Interestingly, enzymes in both the AKR and SDR families have the same catalytic mechanism and use the same active site Tyr and Lys residues during catalysis [1, 11] . In the human aldose reductase, this essential Lys residue (Lys77) is 29 amino acids downstream from the essential Tyr48. However, in SDR enzymes, this essential Lys is only four residues away from the essential Tyr and forms the invariant YXXXK motif [1, 12] . The S. cerevisiae xylose reductase possesses both Lys78 (matching the AKR enzymes) and Lys53 (matching the SDR enzymes and forming the YXXXK motif) (Fig. 1A) [1, 4] . The question arises as to which of these Lys residues is essential for catalysis. In this study, we used site-directed mutagenesis to show that Lys78, not Lys53, is the catalytically essential residue in the S. cerevisiae xylose reductase. We also found that Lys78 may participate in interactions that bind to the coenzyme NADPH.
Materials and methods

Microorganisms, plasmid, and growth conditions
The wild-type S. cerevisiae xylose reductase gene carried on the plasmid pSCAR69 [1] was used as the template for site-directed mutagenesis. pSCAR69 was derived from pTYB1 of the Impact1-CN kit (New England BioLabs, Mississauga, ON, Canada) used for cloning and protein expression in E. coli ER2566 as described by Jeong et al. [1] . E. coli ER2566 cells were grown in Luria broth (LB) Proposed reaction mechanism of the S. cerevisiae xylose reductase involving active site residues Tyr49 and Lys78. Adapted from Lee [4] and Jo « rnvall et al. [12] .
or LB plate supplemented with ampicillin to a ¢nal concentration of 100 Wg ml 31 as needed.
Site-directed mutagenesis of Lys53 and Lys78
Site-directed mutagenesis was carried out by two rounds of PCR using the megaprimer method of Barik [13] as described by Jeong et al. [1] . This method required the use of two primers that £ank the coding sequence of the gene (P1, 5P-GGTGGTCATATGTCTTCACTGGTTAC-TCTTAAT-3P; P2, 5P-GGTGGTTGCTCTTCCGCAGG-CAAAAGTGGGGAATTTACC-3P) and a mutagenic primer to replace each Lys with Met. Met was selected for substitution of Lys53 and Lys78 because it is similar in size to Lys but lacks an O-NH 2 group, thereby changing the charge from positive to neutral. To facilitate directional cloning and enhance ligation e⁄ciency, P1 and P2 £ank-ing primers were designed to include NdeI and SapI restriction sites near the 5P-ends, respectively, and these are underlined in the above sequences. Mutagenic primers k53m (5P-CGGCAACGAAATGGAAGTTGGTG-3P) and k78m (5P-TTGTTGTTTCAATGTTATGGAACAATT-3P) were used to make the respective K53M and K78M substitutions. The mutated genes were subcloned separately into the NdeI and SapI sites of pTYB1 and transformed into competent E. coli ER2566 cells to produce the K53M and K78M variants, respectively. Plasmid from a randomly selected transformant from each mutagenic reaction was isolated and the insert DNA was sequenced to con¢rm that the correct mutation was incorporated and that no unintended mutations had been introduced prior to expression and characterization of the variants. DNA sequencing was determined in both directions using an Applied Biosystems Model 377 automated sequencer at the Laboratory Services Division (LSD), University of Guelph (Guelph, ON, Canada).
Protein expression and enzyme puri¢cation
E. coli cells carrying the wild-type, K53M or K78M variant were grown separately in 1 l LB medium supplemented with ampicillin to a ¢nal concentration of 100 Wg ml 31 . The culture was incubated at 37 ‡C by shaking at 200 rpm until the optical density (OD) reached 0.5 at 600 nm, after which isopropyl L-D-thiogalactopyranoside (IPTG, Sigma, St. Louis, MO, USA) was added to a ¢nal concentration of 0.3 mM. The culture was further incubated at room temperature (22^24 ‡C) by shaking at 160 rpm overnight. Cells were harvested by centrifugation at 5000Ug for 15 min at 4 ‡C. The cell pellet was suspended in 50 ml ice-cold bu¡er containing 20 mM Tris^HCl (pH 8.0), 500 mM NaCl, and 1 mM EDTA (pH 8.0) and sonicated after addition of 1.5 g of alumina (Sigma) according to Webb and Lee [14] . The cell extract was further clari¢ed by centrifugation at 17 000Ug for 30 min at 4 ‡C.
The cell extract (40 ml) obtained above was loaded onto a chitin column (IMPACT1-CN Kit, New England BioLabs) which had been previously equilibrated with 20 bed volumes of the column bu¡er containing 20 mM Tris^HCl (pH 8.0), 500 mM NaCl, and 1 mM EDTA (pH 8.0). The column was washed with 150 bed volumes of the column bu¡er at a £ow rate of 2 ml min 31 . To initiate on-column cleavage of the fusion protein, three bed volumes of the cleavage bu¡er containing 50 mM dithiothreitol (DTT, Sigma) were added to the column and the column was incubated at 4 ‡C for 18 h, after which the protein fraction was obtained by eluting with two bed volumes of column bu¡er. The eluted protein was used for enzyme activity and kinetic determinations.
Xylose reductase activity assay
Xylose reductase activity was measured spectrophotometrically as described by Webb and Lee [15] . The reaction mixture contained 50 mM potassium phosphate bu¡-er (pH 7.0), 0.1 mM NADPH (Sigma), and 100 mM xylose. One unit (U) of activity was de¢ned as the amount of enzyme that oxidized 1 WM NADPH in 1 min at 22 ‡C. Protein concentration was determined by the Bradford assay [16] using bovine serum albumin as the standard.
Intrinsic enzyme £uorescence for coenzyme binding
The binding interaction between xylose reductase and NADPH was examined by measuring intrinsic enzyme £uorescence at 22 ‡C according to the method of Kubiseski et al. [17] and Kubiseski and Flynn [18] with some modi¢cations. Fluorescence intensity was measured using a spectro£uorometer (Photon Technology International Inc., London, ON, Canada). The enzyme was excited at 280 nm and the emission was recorded from 290 to 540 nm. The slit width was 4 nm. The reaction solution (2 ml) containing 50 mM potassium phosphate bu¡er, pH 7.0 and 0.1 WM of the puri¢ed enzyme was transferred to a spectro£uorometer cuvette and the reaction was initiated by adding NADPH. The ¢nal concentrations of NADPH tested were 0, 0.5, 1, 5, and 25 WM. The dissociation constant (K d ) of NADPH binding to the enzyme was estimated from intrinsic enzyme £uorescence spectroscopic data according to Kubiseski and Flynn [18] . All experiments were done in triplicate. Values presented are the averages þ S.D.
Results and discussion
Puri¢cation of the recombinant wild-type and variant xylose reductases
All three recombinant S. cerevisiae xylose reductase proteins were well expressed in E. coli. From a broth culture of 1 l, about 1.6, 1.8 and 1.4 mg of protein were obtained for the wild-type, and the K53M and K78M variants after puri¢cation using the chitin column. The molecular mass of all three proteins was estimated by SDS^PAGE to be 37 þ 1 kDa (Fig. 2) .
Activities and kinetic constants of the wild-type and K53M and K78M xylose reductases
The speci¢c activity of the K53M xylose reductase (69.5 þ 4.95 U mg 31 protein) was about 67.5% of that of the wild-type (103 þ 1.41 U mg 31 protein). In contrast, the activity of the K78M variant on xylose was not detectable when the same protein concentration as the wild-type (about 0.65 Wg ml 31 ) was used initially in the assay. Only when the protein concentration was raised substantially to about 180 Wg ml 31 in the assay mixture, was some activity (0.006 þ 0.002 U mg 31 protein) detectable for the K78M variant. Relative to the wild-type, the speci¢c activity of the K78M variant decreased by more than 17 000-fold. This large decrease in activity suggests that Lys78, rather than Lys53, plays a critical role in activity of the yeast enzyme. In the human aldose reductase, the Lys77-Met variant was also found to have no detectable activity [19] .
Kinetic analysis of xylose reduction was performed by initial velocity studies. The K m values of the K53M variant for xylose and NADPH were slightly higher, and the k cat value slightly lower, than those of the wild-type ( Table 1) . The resultant k cat /K m value of the K53M variant was about 65% of that of the wild-type value (Table 1) . These results further suggest that this residue does not participate directly in catalysis. Because of its negligible activity, the kinetic constants of the K78M variant were not determined by initial velocity studies.
Binding of NADPH to the wild-type and the variants
In the human [20] and porcine [21] aldose reductases, the coenzyme NADPH is held in place inside a deep cleft by 19 H-bonds and three salt bridges. Among these interactions, Ser159, Asn160 and Gln183 in the active site region are H-bonded to the amide group of the nicotinamide to ensure the precise positioning of its C4 proton for hydride transfer to occur [21] . While Lys77 in the human aldose reductase does not interact directly with the coenzyme, it is located near the nicotinamide ring close to Gln183, and together with several other invariant hydrophilic residues, they form a tight H-bonding network around the nicotinamide end of the coenzyme [21] . It is, therefore, conceivable that disruption of this H-bonding network near the nicotinamide end might a¡ect coenzyme binding.
We have found that Tyr49 [1] and Lys78 are essential residues in the S. cerevisiae xylose reductase, indicating that the active site residues of yeast xylose reductases match those of the AKR, rather than the SDR, enzymes. It is likely that a similar type of H-bonding network exist in the yeast xylose reductases to anchor the coenzyme, and that Lys78 may also be one of the hydrophilic residues in the active site involved in this network. The availability of the K78M variant provides an excellent opportunity to test if Lys78 contributes to this coenzyme-anchoring role. Fig. 2 . SDS^PAGE of the puri¢ed recombinant wild-type, K53M, and K78M xylose reductases from S. cerevisiae. Lanes: 1, protein standards; 2, crude cell extract of E. coli culture expressing the wild-type enzyme; 3, crude cell extract of E. coli culture expressing the K53M variant; 4, crude cell extract of E. coli culture expressing the K78M variant; 5, puri¢ed wild-type xylose reductase ; 6, puri¢ed K53M xylose reductase; 7, puri¢ed K78M xylose reductase. In this study, we used intrinsic enzyme £uorescence spectroscopic analysis [1, 17, 18 ] to assess coenzyme binding. As the NADPH concentrations increased, the intrinsic £uorescence emitted by the wild-type xylose reductase protein decreased at 340 nm while the NADPH £uorescence emission increased at 460 nm (Fig. 3, top panel) . In contrast, with the K78M variant, the intrinsic £uorescence at 340 nm decreased to a much lesser extent with increasing NADPH concentrations (Fig. 3, bottom panel) , suggesting that NADPH was binding considerably less e⁄ciently to this variant. With the K53M variant, the decrease in intrinsic £uorescence at 340 nm with increasing NADPH concentrations was slightly less than that seen in the wild-type enzyme (Fig. 3, middle panel) , suggesting only a slight decrease in binding e⁄ciency. The dissociation constants (K d ) of NADPH binding to the proteins estimated from the intrinsic £uorescence data were 0.6, 1.1 and 4.8 WM for the wild-type, K53M and K78M variants, respectively ( Table 1) . The intermediate (8-fold) decrease in coenzyme-binding a⁄nity by the K78M variant supports the view that Lys78 also participates in binding to NADPH in the S. cerevisiae xylose reductase. We hypothesize that like the mammalian aldose reductases, Lys78 in the S. cerevisiae xylose reductase likely forms part of a H-bonding network that anchors NADPH in place. When this network is disrupted through a charged-to-neutral substitution in the K78M variant, a decrease in NADPH binding to enzyme ensues. The slight (1.8-fold) decrease in binding a⁄nity by the K53M variant suggests that Lys53 is not involved in coenzyme binding, but its amino group may form some stabilizing interactions whose disruption may cause a conformational change that slightly a¡ected coenzyme binding.
Note added in proof.
A recent communication shows that Tyr51 and Lys80 are essential active site residues in the Candida tenuis xylose reductase [22] . This agrees with our ¢ndings with respect to the equivalent Tyr49 [1] and Lys78 (this study) residues in the S. cerevisiae xylose reductase.
